The characteristics underlying cytosolic free calcium oscillation were evaluated by superfused dual wavelength microspectrofluorometry of fura-2-loaded single acinar cells from rat pancreas. Application of a physiological concentration of cholecystokinin octapeptide (CCK) (20 PM) induced a small basal increase in cytosolic free calcium concentration ([Ca2+li) averaging 34 nM above the prestimulation level (69 nM) with superimposed repetitive Ca2+ spike oscillation. The oscillation amplitude averaged 12 1 nM above the basal increase in [Ca2+] i and occurred at a frequency of one pulse every 49 a. Although extracellular Ca2+ was required for maintenance of high frequency and amplitude of the spikes with increase in basal [Ca2*li, the primary source utilized for oscillation was intracellular. The threshold of the peak [Ca2'li amplitude for causing synchronized and same-sized oscillations was less than 300 nM. The [Ca2+]i oscillation was sensitive to intracellular pH (pHi) change. This is shown by the fact that the large pHi shift toward acidification (ApHi decrease, 0.96) led to a basal increase in [Ca'+]i to the spike peak level with inhibiting Ca2+ oscillation. The pHi shift toward alkalinization (ApHi increase, 0.33) led to a basal decrease in [Ca2+] i to the prestimulation level, possibly due to reuptake of Ca" into the Ca" stores, with inhibiting Ca2' oscillation.
Whereas extracellular pH (pl&,) change had only minimal effects on Ca2+ oscillation (and/or Ca2' release from intracellular stores), the extra-Ca2+ entry process, which was induced by higher concentrations of CCK, was totally inhibited by decreasing pH, from 7.4 to 6.5. Thus the major regulatory sites by w>ich H+ affects Ca" oscillation are accessible from the intracellular space.
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INTRODUCTION
Cytosolic free calcium ( [ Ca'+] J is now widely believed to play a key role in stimulus-secretion coupling. Five components are found to contribute to calcium mobilization: initial Ca2+ release from intracellular stores, sustained Ca2+ entry from the extracellular space, Ca2+
' To whom reprint requests should be addressed at: Department of Laboratory Medicine, Hokkaido University School of Medicine, Sapporo, 060, Japan. efflux across the plasma membrane, Ca2+ reuptake (and/ or refilling) into the stores, and repetitive Ca2+ spike oscillation.
The final component, Ca2+ oscillation, has been found in various cell types, including nonexcitable cells, muscle cells, neuronal cells, and differentiated cells (summarized in Refs. [l-3] ). It seems that the digitized form of Ca2+ signaling oscillation plays a fundamental role in cellular signal transduction because lower and more physiological concentrations of agonist lead to synchronized periodic Ca2+ spikes rather than to an initial large rise in [Ca"']i followed by a sustained [Ca2+li plateau above the prestimulation level in various cell types. The oscillation is observed in single cells since studies using whole populations are hindered by the mixture of different individual cells in time and duration. The molecular mechanism and biological significance of the oscillatory mode of Ca2+ signaling are still unknown, although considerable progress has been made in understanding them, including in pancreatic acinar cells [4] [5] [6] [7] [8] . This study examined the characteristics underlying cytosolic free calcium oscillation in single pancreatic acinar cells, using a furadual wavelength microspectrofluorometer equipped with a superfusion system. The major finding is that cytosolic Ca2+ oscillation might be sensitive to intracellular pH change.
MATERIALS AND METHODS

Materials.
Cholecystokinin octapeptide, carbamylcholine, NH&l, propionate, and digitonin were obtained from Sigma (St. Louis, MO). Fura-Z/AM (acetoxymethyl ester type) and BCECF/AM (acetoxymethyl ester type) were from Molecular Probes (Eugene, OR). Nigeritin was from Calbiochem (La Jolla, CA). The physiological salt solutions (PSS) used contained the following (in mM): PSS-A-NaCl, 137; KCI, 4.7; MgClz, 0.57; CaCl, , 1.28; NaHrPO, ,  1; N-(P-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), 10; l-glutamine, 2; dglucose, 5.5, and 2% MEM essential amino acids (GIBCO, Grand Island, NY) neutralized with NaOH, adjusted at pH 7.4, and equilibrated with 100% 0,; PSS-B-NaCl, 130; K, HPO, , 2.5; MgSO, , 1; CaSO, , 1; Hepes, 10; 10 , adjusted at pH 7.35 and equilibrated with 166% Oz. The calcium-free solution in PSS-B was identical except that CaSOl was replaced with 1 m&f ethyleneglycol bis(2-aminoethyl ester)-N,N,N',N'-tetraacetic acid (EGTA).
Preparation of cells and dye loading. Isolated pancreatic acini were prepared from fed male Sprague-Dawley rats (weighing 250 g) according to the collagenase digestion procedure described previously [9] . Isolated acini were incubated with 1 nMfura-Z/AM for 20 min at 37-C in PSS-A, containing 0.01% soybean trypsin inhibitor (type I-S, Sigma) and 0.1% bovine serum albumin. Fura-P-loaded cells were then washed by centrifugation at 50g and resuspended in fresh PSS-A. Cells were stored as a concentrated suspension at room temperature for up to 3 h. For pHi measurements, cells were similarly incubated with 2 PM BCECF/AM for 30 min at 37"C, shielded from light, and then handled in a manner identical to that of acini loaded with fura-2.
Measurement of [Ca"'] ,.
Measurement of fura-fluorescence from individual acinar cells and calculation of [Ca'+]i was performed as previously described [7, 8] . To measure fluorescence of single cells in the superfusion system, a portion of acinar suspension was placed on a thin glass coverslip mounted at the bottom of a rectangular chamber (internal volume 0.1 ml). Acini were superfused at a flow rate of 1 ml/ min from a temperature-regulated (37°C) multiple-solution reservoir. The chamber was mounted on an aluminum-blocked 37°C heated stage of a Nicon Diaphot inverted microscope equipped with a 40X oil immersion epifluorescence lens (1.3 NA) . Single cells bulging from an acinus were masked using a pinhole diaphragm stopped down to an optical diameter of 10 pm, the size of a single acinar cell without background. The solution used for superfusion was PSS-B, containing 0.05% bovine serum albumin unless otherwise noted. [Ca2+li measurements in single cells were obtained using a modular fluorometer system (Spex Fluorog 2). Excitation light from a 450-W xenon lamp was provided by two monochrometers preset at 340 nm (slit 0.5 nm) and 380 nm (slit 0.5 nm), respectively, altered by a rotating chopper mirror. The excitation beam was further deflected to the sample by a dichroic mirror (DM 400). Emitted light was monitored at an emission wavelength of 510 + 20 nm by a bandpass filter fixed on a photomultiplier tube. The fluorometer and photometer were coupled to a Spex Datamate microcomputer that stored two alternating fluorescence signals in separate memories to obtain a 340/380-nm ratio. Each signal was averaged over 0.5-s intervals and displayed. The fluorescence ratio was calculated off-line and converted to [Ca*+& [7, 81 . Autofluorescence determined in single cells was found to contribute less than 3-5% of the emitted signal and was not subtracted.
Measurements of pHi. Experiments with pHi in single cells were carried out using excitation wavelengths of 490 nm (slit 1 nm) and 439 nm (slit 1 nm); a neutral density filter (30% transmittance) was inserted in front of each beam to reduce incident light. Excitation beams were further deflected to the sample by the dichroic mirror (DM 500) and emitted light passed through a 520-to 560-nm bandpass filter. For each measurement the fluorescence ratio from the cells was calibrated to yield pHi by use of an internal calibration method [lo] . The cell in the chamber was superfused with 10 pM K+-H+ ionophore nigericin solubilized in KC1 buffer which contained (in mM): KCl, 145; K*HPO,, 2.5; CaSO,, 1.0; MgSO,, 1.0, and Hepes, 10. Then the pH of the medium was changed from 6.8 to 7.6 to obtain a pH-to-fluorescence ratio for every measurement. (Fig. 1 ). These oscillations were l2l+ 14 r&fin amplitude above the basal increase in [Ca2+]i; they occurred at a frequency of one pulse every 48.6 + 3.2 s and were maintained as long as the stimulus was applied (at least up to 50 min).
Although extracellular Ca2+ was required for maintenance of both spike amplitude and frequency, the basic source utilized for oscillations was intracellular since elimination of Ca2+ from the medium failed to inhibit them for 10 min (Fig. 2 ). Amplitude and frequency of the Ca2+ spike were reduced to 100 + 17 nM and to one pulse every 50.4 f 8.0 s on the average (n = 8) when extracellular Ca2+ was eliminated by EGTA. These changes were reversible on Ca2+ readdition by changing the superfusion medium. A small basal increase in [Ca2+]i was, on the other hand, totally dependent on extracellular Ca2+.
Some reports have suggested that Ca2+ may exert its action in a frequency-dependent rather than an amplitude-dependent manner and the frequency of Ca2+ spiking also increased when the concentration was raised [l-31. As shown in Fig. 3 , frequency was, however, reciprocally proportional to amplitude that was induced by l-30 pM CCK. A small amplitude decreased the interval of each signal, resulting in a high frequency of spikes. Amplitude of peak [Ca*+h from the prestimulation level was dose-dependent. CCK at 1, 10, 20, 30 , and 100 pM and 1 nM elevated [Ca*+h from 94 +-4 nM (n = 119) to 138 f 28 nM (n = 3), to 250 + 66 nikf (n = lo), to 275 t-13 nM (n = 32), to 281+ 24 nM (n = 5), to 326 a 36 nM (n = lo), and to 660 + 100 nM (n = II), respectively. The maximum oscillation frequency was obtained when 10 pM CCK was applied (1.57 f 0.12 times/min).
Frequency was almost constant from 1 to 30 pM CCK. At 100 pM CCK, both oscillation frequency and amplitude were reduced, resulting in an initial global rise in [Ca*+li followed by the sustained [Ca2'li plateau above the prestimulation level. CCK (1 nM) has essentially caused the oscillation frequency to disappear. When 1 nM CCK was used, only 18% (2/11) of cells showed oscillation which occurred after [Caz+li had almost reached baseline. Application of l-30 pM CCK failed to cause the initial global rise in [Ca'+]i but induced repetitive and regular-sized oscillation in most cases (50/56 cells). Six cells were silent to l-30 pM CCK stimulation. The data suggest that the threshold of peak [Ca*'li for generating synchronized Ca2+ oscillation is below 300 nM.
In addition, there was no significant difference in spike frequency from 1 to 30 pM CCK (Fig. 3, inset) . The amplitude of the increased [Ca'+]i seems to give a threshold for generating synchronized Ca2+ oscillation. When the amplitude of the increased [Ca2+]; was above 300 nA4, which was usually induced by high concentrations of CCK (0.1-l n&f), the signaling mode of Ca2+ consisted of an initial global rise in [Ca2+]i followed by a sustained plateau of [Ca2+]i without synchronized oscillation (Fig.  3, inset, and Fig. 6 ). Thus, the frequency and the mode of Ca2+ oscillation was examined. To examine the relationship between oscillation and pHi, the effects of NH&l were studied as NH&l addition initially induces an intracellular alkalinization which after its removal is followed by acidification resulting from binding and dissociation of H+ to NH3 in the cytosol [15] . Conspicuous changes in oscillation were observed when pHi was switched by withdrawing and reapplying NH&l (Fig.  4A) . The first application of NH&l (20 n&f) during CCK-induced repetitive Ca2+ spikes affected the oscillation less. However, the acidification process, changing from the alkalinization phase with removal of NH&I, caused an increase in basal [Ca2+]i up to the spike peak level, inhibiting Ca2+ oscillation. Reapplication of NH&l, which caused an alkalinization from subresting pHi levels, immediately decreased the [Ca2+]i level to the prestimulation level. It seems that this decrease in [Ca2']i is due to reuptake of Ca2+ into the stores since brisk spikes appeared again after a decrease in basal [Ca2']i. Figure 4B is evidence that NH&l changes pHi. When BCECF-loaded single cells were treated with 20 n&f NH&l, the increase in pHi was 0.73 unit (from resting pHi 7.18 f 0.06 (n = 6) to 7.91 f 0.27 (n = 3)). Withdrawal of NH&l resulted in a large acid shift (to 6.96 * 0.18 (n = 3)) followed by the recovery phase of pHi toward the prestimulation level. Application of NH&l did not produce any significant changes in [Ca2+li and its removal (acidification) caused a small increase in basal
[Ca2+]i (20 + 1 nM increase above the prestimulation level) (Fig. 4C ). It was evident that an increase and/or decrease in pHi alone did not produce any significant changes in [Ca2+]i. On the other hand, CCK alone did not produce any significant changes in pHi (not shown). Therefore, both inhibition of oscillation and basal increase or decrease in [Ca2+]i are required for the combined effects of CCK plus pHi change. Similar oscillatory change during cell stimulation with CCK and a varied pHi was observed when propionate was applied, producing acidification followed by alkalinization after removal of propionate [15] . Application of propionate (20 n&f) during cell stimulation with 20 pM CCK, which resulted in acidification from the resting pHi, affected the oscillation less (Fig. 5A) . Withdrawal of propionate, which resulted in alkalinization changing from the acidification phase, caused a decrease in basal [Ca2+]i to the prestimulation level, inhibiting Ca2+ oscillation. After pHi returned to near the prestimulation level the oscillation recurred, possibly due to Ca2+ reuptake into the stores. The evidence that propionate leads to pHi change is shown in Fig. 5B . Application of propionate (20 mM) decreased pHi to 6.99 + 0.16 (n = 3) (0.19 unit) followed by the slow recovery phase toward the subresting pHi level. Withdrawal of propionate resulted in alkalinization, changing from the acid phase (pHi 7.32 + 0.17, n = 3), followed by a recovery phase near the prestimulation level. As well as NH&l, application of propionate (acidification) resulted in a small increase in [Ca2+]i (18 f 2 nM above basal, n = 4), suggesting again that pHi change alone in the absence of CCK is not sufficient for changing Ca2+ spikes (Fig. 5C ).
Since intracellular pH change affects Ca2+ oscillation, the effect of altering extracellular pH (pH,) was examined next. A number of ion channels have a pH-dependent conductivity [16] . With respect to Ca2+ channels, H+ can compete with Ca2+ for a binding site, thereby preventing channel opening [ 171. Also, in pancreatic acinar cells, it has been shown that H+ can inhibit Ca2+ entry at the outer plasma membrane and that decreasing extracellular H+ concentration results in an increase in Ca2+ flux rate and a shortening of the Ca2+ refilling period into the stores [ 181. As shown in Fig. 6A Ca2+, was more remarkable when cells were stimulated by 10 $I4 carbamylcholine (47 + 6 nM above the prestimulation level, n = 16) (Fig. 6C) . Also, in this case, reduction of pH, resulted in an elimination of the plateau in a reversible manner. Thus, extracellular H+ regulates the Ca2+ entry process at the outer plasma membrane. Decreasing pH,, on the other hand, failed to totally block the CCK-induced Ca2+ oscillation, although both the amplitude and the frequency decreased (Fig. 6D) . The results suggest again that the major regulating sites by which H+ affects the Ca2+ oscillation are accessible from the intracellular space.
DISCUSSION
The present study revealed that in single rat pancreatic acinar cells physiological concentrations of CCK caused a same-sized periodic Ca2+ spike. This oscillatory frequency (1 pulse/49 s) is included in the range of that which occurred in various cell types, ranging from 5 to 60 s [ 11. Whereas a higher concentration of CCK (1 nM) caused a large initial Ca2+ transient up to 660 n.M followed by a sustained elevation in [Ca2+]i above the prestimulation level, the amplitude of repetitive Ca2+ spikes, which were induced by 20 pM CCK, was limited below 300 nM. Although the basic source for Ca2+ oscillation was intracellular, Ca2+ entry from the extracellular space was complementary to and necessary for maintenance of high frequency and amplitude. The increase in basal [Ca2']i with superimposed Ca2+ oscillation was totally dependent on extracellular Ca2+. This digitized form of Ca2+ signaling seems to be important for cellular response. The precise mechanism of Ca2+ oscillation is, however, still unknown.
Recently two models of cytosolic free calcium oscillation have been proposed [ 11: the first is IP,-induced calcium release (IICR) and the second is calcium-induced calcium release (CICR). In the first model the oscillation is dependent on a periodic release of Ca2+ from an IP3-sensitive pool driven by fluctuations in the level of IPB. IICR is modulated by protein kinase C through a negative feedback regulation [8, 19, 201 . The role of the Ca2+ released from the stores is more complex. One aspect is that the Ca2' released by IP3 activates phosphatidylinositol breakdown to amplify the production of IP3 (positive feedback regulation). Another is that the increased [Ca2+]i inhibits the IPs-induced Ca2+ release (negative feedback regulation), Sequestration of Ca2+ into the stores, on the other hand, results in an IP,-operated Ca2+ channel opening. Recent study with respect to detergent-solubilized and membrane-associated IP3 receptors from rat cerebellum has suggested that IP, binding to membrane (three molecules bind to the receptor to open channels, cooperatively [21] ) is inhibited by 300 nM Ca2+ [22] . This value closely corresponds to the Ca2+ spike amplitude obtained in this study, suggesting that this is the [Ca2']i threshold for causing synchronized Ca2+ oscillation. The amplitude of the increased [Ca'+]i being close to 300 nM also seems to affect the activity of the Ca2+ pump which is located in the stores or plasma membrane. Energy-dependent Ca2+ sequestration in mitochondrial poisoned permeabilized pancreatic acinar cells is stimulated by submicromolar Ca2+ (F&, = 156 nM), which has a higher affinity to Ca2+ than that in the plasma membrane [23] . It is, therefore, likely that the small increase in [Ca2+]i could be taken up by the stores rather than by the plasma membrane, resulting in a replenishment of Ca2+ in the stores for maintenance of the Ca2+ spike. The CCCR model suggests that Ca2+ released from the IPB-sensitive pool is taken up by the IP,-insensitive pool, resulting in an overloading of this pool. This is then triggered to release Ca2+, which is then recycled back to the IPB-sensitive pool. This theory is based on the fact that IPB cannot fully release Ca2' from the stores in various cell types. Also, in plasmalemmal permeabilized pancreatic acinar cells, up to 55% of the amount of Ca2+ stored is IPs-releasable with an EC&, of 1 pM [24] . Thus, the Ca2+ oscillation seems to be regulated by autocatalytic action between IP3 and Ca2+.
However, there is a still controversy between the IICR (or CCCR) model and the Ca2+ oscillation mechanism. In pancreatic acinar cells, the time course of the hormone-induced IP3 generation is biphasic [25] . The first global generation of IP3 is followed by sustained levels of IPB, lasting at least 20 min into the cell stimulation. The controversy, however, is that the production of IP3 in this cell type requires higher concentrations of agonists (carbachol, 0.1-l mM; CCK analogue caerulein l-100 nM) [25-271 (these results cannot be tested in individual cells because the IP3 level cannot be measured in a single cell). These high concentrations of agonists fail to generate the symmetrical repetitive Ca2+ spikes with increase in initial large Ca2+ transient followed by the sustained elevation in [Ca2+]i above the prestimulation level [8] . When IPB is added successively several times the subsequent effects on Ca2+ release decrease with time in permeabilized insulin-secreting cells [28] , possibly due to desensitization of the IP3 receptor or to Ca2+ uptake into other Ca2+ stores. In guinea pig hepatocytes and mouse pancreatic acinar cells, continuous Ca2+ oscillation could be induced by injection of IP3 or nonmetabolizable IP3 analogue, which suggests that periodic changes in the IPB production and/or concentration are not required [6, 291 . In any case, there is a discrepancy between the affinity of the receptor and the potency of IP3 in releasing Ca2+ [30] . Much of the pathway and driving force for continuous Ca2+ spikes might be therefore, at least in part, independent of IP3.
This study examined the effect of pHi on cytosolic free calcium oscillation during 20 pM CCK stimulation. The major results obtained are as follows: (i) pHi change from alkalinization to acidification caused a basal increase in [Ca2+]i to the spike peak level with inhibition of oscillations; (ii) pHi change from acidification to alkalinization caused a basal decrease in [Ca2+]i to the prestimulation level with inhibition of oscillations. The easiest explanation for these results is that the pH gradient inside-to-outside of Ca2+ stores is, at least in part, involved in the Ca2+ oscillation mechanism. It has been suggested that in rat parotid gland both a Ca2+ pump and a proton pump are located in an ATP-dependent and IPs-sensitive pool [31] . Ca2+ mobilization is coupled to a pH gradient inside-to-outside of stores [31] . It is, therefore, likely that the release and uptake of Ca2+ by the stores requires a compensating flow of protons in the opposite direction to maintain electroneutrality.
In the cytosolic acidification phase, H+ flows from the cytosol to the stores, resulting in a Ca2+ leak from the stores. In the cytosolic alkalinization phase, H+ flows from the stores to the cytosol, resulting in a sequestration of Ca2+ into the stores. The large shifts of both pH and Ca2+ gradients may result in an inhibition of Ca2+ oscillations with changing basal [Ca2+]i. It has not yet been determined why the pHi effect on oscillations needs a large shift of pHi from alkalinization to acidification or vice versa. Twenty picomolar CCK alone, which was able to cause Ca2+ oscillations, failed to affect pHi in the bulk of cytosol. pHi change during cell stimulation might be too localized to detect with the pHi-sensitive dye BCECF. Since pHi change alone is a minor factor in Ca2+ mobilization, pHi effect on oscillations must be associated with receptor activation.
This study also showed that extracellular H+ is inhibitory for Ca2+ entry. Since the enhancement of Ca2+ entry by increasing pH, is abolished by lanthanum and pHi change is not involved in the Ca2' entry process, at least in pancreatic acinar cells [18] , modification of H+ on Ca2+ entry does not occur through a Ca2+-H+ antiport but does occur through channels at the outer plasma membrane. Considered from this point of view, pH change in the stores but not in the cytosol may be a regulatory factor in Ca2+ oscillations (and/or Ca2+ release) rather than the Ca2+-Hf antiport across the stores' membrane. However, it is difficult to predict the effect of the stores' pH in intact cells. The pH-sensitive Ca2+ mobilization pathway is the same or similar to that by which IPB-induced Ca2+ release occurs and also remains to be determined. The ambient pH markedly affects IP3 binding and IPB-releasable Ca2+ [32-351. An increase in IP3 binding or in IP3-releasable Ca2+ at slightly alkaline pH has been observed. However, the study reported here suggests that alkaline pHi led to Ca2+ reuptake into the stores rather than to Ca2+ release. Concerning this, it has been suggested that the endoplasmic reticulum (ER) pump of human platelets increases Ca2+ uptake by 20% when pH is increased from 7.0 to 7.4 [36] . But in pancreatic acinar cells, increasing pH from 7.0 to 7.4 results in 40-60% inhibition of Ca2+ uptake in both ER vesicles and permeabilized cells [23, 37, 38] . Similar increases in pH also inhibit Ca2+-Mg+ ATPase activity associated with the ER Ca2+ pump by 40% [39] . Thus, at least in pancreatic acinar cells, it seems unlikely that the effect of pHi on Ca2+ oscillations occurs through the ER Ca2+ pump or IPB. Although it is difficult to predict the effect of pH on the agonist-stimulated Ca2+ signaling pathway, this study suggests that the pHi change might be, at least in part, involved in the Ca2+ oscillation mechanism. Ca2+ oscillation seems to be regulated by multiple factors such as IPB, Ca2+ ( [Ca"'] i and Ca2+ pump), and pHi change. Further investigation is needed to determine the exact mechanism by which pHi changes Ca2+ oscillation.
